To determine the relative importance of adult size and arrival date for reproductive success in a natural setting, we first genetically determined relationships between all spawning adult steelhead (Oncorhynchus mykiss) and juvenile offspring in four brood years and then tested hypothesized relationships between parents' phenotypes and the number and size of their juvenile offspring. Patterns of reproductive success varied among years, but in all cases, a few adults of each sex produced most of the offspring. The number of offspring showed a weak, positive relationship to the mother's size but not to her arrival date. Paternal reproductive success varied considerably but was only weakly associated with size in 1998 and weakly related to arrival date in . In 1997 , 1998 , the offspring of earlyspawning females were larger at the end of their first and second summers in the stream; however, in 2000, both arrival date and length were positively related to offspring size. There was no general trend in offspring size in relation to paternal size or arrival date; however, paternal length affected offspring size in 1998 and male arrival date affected offspring size in 2000.
Introduction
In salmonid fishes, body size is widely believed to determine reproductive success. Larger females produce more numerous and larger eggs (e.g., Beacham and Murray 1993) and are able to bury their eggs deeper (Steen and Quinn 1999) , reducing the likelihood of disturbance by the digging of other females (Essington et al. 2000) and protecting them from streambed scour during high-flow events. Large females may also be able to exclude smaller females from the best spawning sites, although prior residence effects may outweigh size (Foote 1990) . Larger males can exclude smaller males from access to females through aggressive interactions (Keenleyside and Dupuis 1988; Quinn and Foote 1994) . However, dominance is also influenced by prior residence (Foote 1990) and by the level of competition for ripe females, which is a function of date within the spawning period .
Salmonids breeding early risk having their redd disturbed by the digging of later-arriving females, and such densitydependent mortality can greatly affect the production of juveniles (Fukushima et al. 1998; Essington et al. 2000) . Small males arriving early may gain access to early-arriving ripe females, whereas later in the spawning season, even very large males may be unable to dominate access to females (Dickerson et al. 2002) .
The size of juveniles may be affected by both maternal size, through correlations with egg size (e.g., Beacham and Murray 1990) , and parental spawning date (Einum and Fleming 2000) . The progeny of early-spawning adults tend to emerge from the gravel early and may benefit by territory acquisition by prior claim (Chandler and Bjornn 1988; Titus and Mosegaard 1991) and advantages in territorial competition from greater size (Keeley and McPhail 1998) when later fry emerge. Mortality of juveniles can be size selective in freshwater (Smith and Griffith 1994; Quinn and Peterson 1996) and at sea (Healey 1982; Ward et al. 1989) , although the strength of selection as well as the direction may vary with rearing environmental conditions (Good et al. 2001) . However, relative size within a population may not be maintained as time passes (Herbinger et al. 1995; Heath et al. 1999) , depending on food resources (Einum and Fleming 1999) , and there may be survival costs to territorial behavior. In addition, early emergence may lead to poor growth if food is not available, and survival rates may be reduced if there is extended exposure to predation (Brännäs 1995) .
Almost all studies of selection on size and breeding date in salmonids have been based on behavioral observations, often in experimental settings, and most have measured a surrogate for adult or juvenile fitness such as social dominance or body size rather than actual reproductive success. Population-level studies have produced equivocal findings, including evidence for (Helle 1989; Garant et al. 2001 ) and against (Holtby and Healey 1986 ) the hypothesis that larger fish are more productive. Studies using genetic analysis of the parentage of progeny to directly determine reproductive success have almost invariably been conducted in artificial channels or arenas (e.g., Schroder 1981) , and progeny have generally been sampled as embryos (e.g., Taggart et al. 2001) , precluding consideration of the compensatory processes that operate during later life history stages. Moreover, most studies have neglected variation in female reproductive success and focused on paternity (e.g., Schroder 1981; Jordan and Youngson 1992; Morán et al. 1996) . Finally, it is important to determine whether possible interactions between adult size and reproductive timing are additive or multiplicative or whether compensatory processes in natural populations minimize the effects of these factors.
The objective of this study was to determine the relative importance of adult body size and arrival date on reproductive success in salmonids using a wild population of steelhead (Oncorhynchus mykiss) as the model system. We predicted that larger females would have larger and more numerous offspring than smaller females and that larger males would have more offspring than smaller males. We further predicted that the progeny of early-arriving adults (male or female) would be larger at the end of their first summer of life and would remain larger in their second summer than the progeny of later breeders.
Methods

Sampling site, collection methods, and genetic analysis
Each spring from 1997 to 2000, the length, sex, and date of upstream migration were recorded for all adult steelhead captured at a permanent fish weir on Snow Creek, Washington. Scales were collected for age estimation, and small pieces of the caudal fin or other tissue were taken for DNA analysis. Our basic assumption was that the weir allowed us to sample the entire spawning population. However, flooding occurred in both 1997 and 1999, enabling adults to pass upstream unsampled. This problem was ameliorated to some extent because a hole was punched in the opercle of adults captured in the upstream trap. Postspawning adults migrating downstream ("kelts") were examined and any that were unmarked were sampled at that time.
Caudal fin tissue from approximately 300 juvenile steelhead was collected annually the first week of October 1997-2000 by single-pass electrofishing in four different sections (each about 100 m long) of Snow Creek. Sampling sites were primarily chosen to cover the upper and lower ends of the range of steelhead rearing habitat with two sections in the middle (see map in Seamons et al. 2004 ) and secondarily for accessibility. There were no obvious differences in habitat characteristics (e.g., gradient, substrate size) among sampling sites. Immediately above our uppermost sampling site, the gradient appeared steeper with more exposed bedrock. Although juvenile steelhead were found in this habitat, there were substantially fewer compared with the lower reaches encompassed by our sampling sites. All tissue samples were stored in 95% ethanol in 1.5-mL microcentrifuge tubes at room temperature.
DNA extracted from adult and juvenile tissue was used to polymerase chain reaction amplify 12 microsatellite loci (Table 1). All loci were visualized on the MegaBACE 1000 capillary electrophoresis system (Amersham Pharmacia Biotech Limited, Piscataway, N.J.) using fluorescently labeled forward primers for each locus. DNA extraction protocols, polymerase chain reaction conditions, and thermalcycler profiles can be found in Seamons et al. (2004) .
Locus characteristics, parentage, and statistical analysis
Adult genetic data from all loci in each sampling year were tested for conformation to Hardy-Weinberg proportions (HWE) with a two-tailed exact test using the Markov Chain method implemented in Genepop 3.1 (dememorization number 1000, batches 100, 1000 iterations per batch; Raymond and Rousset 1995) . Significance of probability values was adjusted for multiple tests using sequential Bonferroni correction (Rice 1989) . Observed and expected heterozygosities were calculated using GENETIX 4.02 software (Belkhir et al. 2001) . The F IS , a measure of inbreeding, was calculated according to Weir and Cockerham (1984) using Genepop 3.1 software (Raymond and Rousset 1995) .
A list of potential parents was constructed for each juvenile using the program WHICHPARENTS 1.0 (Will Eichert, Bodega Bay Marine Laboratory, Bodega Bay, Calif.), which compiled a list of all adults that matched one allele at each locus with each juvenile. When compiling the list, we used all 12 loci but allowed three mismatches. The genotypes of adults identified by WHICHPARENTS as potential parents were then directly compared with juvenile genotypes and both adult and juvenile genotypes were checked for errors. Only adults that matched one allele at each locus were assigned as parents. As a conservative measure, because of repeat spawning and the possibility of incomplete adult sampling in some years, all four years of adults were treated as potential parents of all juveniles. In many cases, only one parent was assigned to a juvenile. To determine the veracity of our single parental assignment, we calculated the probability of finding an unrelated adult that by chance matched one allele at each locus with a juvenile using the equation
where pA is the probability of matching allele A and pB is the probability of matching allele B based on the parental population allele frequencies multiplied across n loci. If no adults matched one locus at each allele with a juvenile, we assumed that the actual parent(s) had not been sampled. Juveniles not assigned any parents were dropped from subsequent analyses.
To rule out sample processing error as an explanation for our inability to assign at least one parent to all juveniles, we assigned juveniles that had no identified parents to brood years (BY, the year that they were spawned) using agelength histograms made from known-age juveniles. DNA from juveniles and all adults from BYs 1998 and 2000 was reextracted and regenotyped at all loci, and parentage assignment was performed a second time. These two BYs were chosen because they had fewer juveniles with no assigned parents, allowing us to minimize the expense of reprocessing.
To adjust for yearly differences in adult arrival timing and size, all such data were standardized by BY to facilitate combined analyses. Lengths of individual adults were subtracted from the yearly average adult length by sex. Return dates were analyzed as days before or after the median return date by sex within years. Average offspring lengths for each family were calculated and then standardized to the average length of juveniles of that age for that BY. Ages of juveniles were determined from parentage data. About 10% of the adults spawned in more than one year and these individuals were treated as if they were different individuals in the subsequent return year because there was no statistically valid way to compare their performance among years, given the small number of such fish and other confounding factors.
We were unable to record the date when individual fish actually spawned, so we used the date of their arrival at the weir as a surrogate for breeding date. Of the 31 steelhead that returned in 1997, only four were captured in the upstream trap before the high-water event; the rest were captured as downstream migrants after the water had subsided. The actual return date of these fish is unknown, but we assumed that it was during the week when the trap was disabled, so we assigned the midweek date as their arrival date for analysis. Although flooding also occurred in 1999, all adult steelhead sampled in 1999 were caught in the upstream trap, so no estimation of arrival dates was necessary.
Relationships between size and arrival date of parents and the number and size of offspring were first analyzed using a multicovariate weighted least squares general linear model (GLM) (type III, SPSS version 8.0). Covariates consisted of standardized parent length, return date, and year as a fixed factor (for any unaccounted for interannual variation) against number of assigned offspring or average offspring length (within maternal or paternal half-sib families) standardized by the average juvenile length in each BY. Selection was expected to be stabilizing on reproductive timing in salmonids; therefore, the term "return date squared" was included for quadratic analysis of arrival date effects on numbers of offspring for females (Lande and Arnold 1983) . Analyses of number of offspring were weighted by yearly sample size because the number of juveniles sampled varied among years. Analyses of offspring size were weighted by the inverse of the family size variance, since families consisted of different numbers of individuals. All possible interaction terms were included in all GLM analyses. If in any test the year or a year interaction term was significant, tests were run as weighted least squares linear regressions (SPSS version 8.0) using individual yearly data. The response variable "number of assigned offspring" was natural log transformed to correct for heteroscedasticity in the data. Whenever individual years were analyzed separately by regression analysis, sequential Bonferroni adjustments for multiple tests were made (Rice 1989) .
Undoubtedly, many families of steelhead were missed during our juvenile sampling. Adults not assigned any offspring may have actually produced no offspring or they may have produced offspring that were rearing between our sampling sites. Including adults that produced no offspring would bias analyses, as would excluding adults that produced some offspring. Although it likely affected adult females more than adult males, we chose to exclude all adults that had no assigned offspring from GLM and regression analyses.
Results
Characteristics of adults
From 31 (in 1997) to 139 (in 2000) adult steelhead were captured and sampled at the Snow Creek weir ( Table 2 ). The overall sex ratio was close to 1:1 but varied considerably among years. In 1997, there were nearly twice as many females as males, in 1998 the reverse ratio was observed, and in 1999 and 2000 the sex ratios were nearly 1:1 (Table 2) . Body lengths varied considerably: males from 420 to 815 mm and females from 565 to 860 mm. Although the date of first return to Snow Creek varied from December to March, in all years, most steelhead returned in March and April, and the median date of return was in the last week of March in all four years.
Locus characteristics, parentage, and familial relationships
Only two tests out of 48 were out of HWE after sequential Bonferroni corrections (Table 1) . Both Omy77 and Ots108 showed deviation from HWE (P < 0.0001 and P = 0.001, respectively). Each was associated with a significant positive F IS value associated with null allele segregation (Omy77, F IS = 0.209; Ots108, F IS = 0.028). Average heterozygosity across all 12 loci in our sample was 90% and the probability of exclusion per locus ranged from 0.93 (Ots107) to 0.64 (Omy77 and Omy1004). The probability of exclusion using all 12 loci was 0.9999 (CERVUS 2.0; Marshall et al. 1998) .
We were able to assign at least one parent to 73% of all juvenile samples and two parents to approximately 40%. The chance of an unrelated adult matching at random the most common possible juvenile genotype (i.e., homozygous for the most frequent allele at each locus in the parent pool) for each year was between 1 and 2 in 1000. Thus, in cases where only one adult was assigned, we concluded that that adult was indeed one of the parents. Nearly 27% (294) of all juveniles were not assigned any parents. Based on their body length, 88% of them (258 fish) were apparently from BY 1997 or 1999, both years in which there were floods. Only 23 and 13 juveniles from BYs 1998 and 2000, respectively, had no known parents. Reprocessing of these 36 juveniles and all adults from BYs 1998 and 2000 resulted in six (two from BY 1998 and four from BY 2000) of the juveniles being assigned a single parent and one juvenile from BY 2000 that already had been assigned one parent having a second parent assigned. The genotyping error rate (i.e., total number of incorrect alleles per total number of alleles) based on reprocessed adult samples was 0.6% compared with 3% in reprocessed juveniles.
Twelve adult steelhead returned to spawn in Snow Creek in more than one year (4% of the total), and they produced 54 juvenile offspring. These offspring were assigned to a BY by one of two methods. In 31 cases, a male and a female adult from one BY and only a single adult from another BY (the repeat year of one of the assigned adults) were assigned to a juvenile; thus, we assumed that it was spawned in the BY for which two parents were assigned. In 23 cases, only one parent was assigned (the same individual but two BYs), so the juveniles were assigned to a BY based on juvenile age-length relationships from known-age juveniles.
At least one parent was assigned to 191 juveniles from BY 1997, 141 from BY 1998, 210 from BY 1999, and 245 from BY 2000 (Table 2 ). Not all adults contributed either young-of-the-year (YOY) or yearling offspring to our samples (Fig. 1) . Over 50% of the YOY were the offspring of just 7% (10) of the males and 14% (20) of the females. More than 50% of the yearlings were assigned to only 2% (three) of the total number of males and 6% (nine) of the total number of females. Many families present in the YOY age class were not present in the yearling age class; consequently, the number of adults that failed to produce offspring in our samples increased from 45% to 75% for males and from 28% to nearly 40% for females from YOY to yearlings, respectively. Males were more likely than females to have no offspring assigned to them, and the parents with the most offspring were also males. For both YOY and yearlings, the distributions of offspring among males and females were significantly different (pooled data, two-sample KolmogorovSmirnov test, P = 0.002 and P < 0.001, respectively).
Factors affecting the number of offspring
From 1 to 22 YOY offspring were assigned to individual adult female steelhead, with means ranging from 4.4 offspring per female in 2000 to 9.3 offspring per female in 1998 (Table 3) . Standardized variation (σ 2 /mean 2 ) ranged from 0.47 in 1998 to 0.89 in 2000. The range of and mean number of yearling offspring assigned to adult female steelhead also varied little among years (Table 3) . Standardized variation ranged from 0.63 in 1999 to 1.06 in 1998.
The GLM that best explained the variation in the number of YOY offspring assigned to females included only the year term (P = 0.035) and the length term (P = 0.05); however, this model explained very little of the variation (r 2 = 0.09). Separate regression analysis for each year also failed to re- veal any significant linear relationships (Table 4 ). However, females that produced five or more YOY offspring were the largest, followed by those that produced three or four offspring, and those that produced one or two were the smallest (Table 5 ) (one-way ANOVA, F [3, 136] = 5.38, P = 0.002; categories binned to homogenize variance and sample size). Interestingly, the females that produced no detected offspring were intermediate in size, consistent with the idea that this group included both females producing no offspring and some that produced offspring that we did not sample. No GLM successfully explained the number of yearling offspring assigned to adult females, nor did any regression analyses (Table 4) . ANOVA comparisons among females categorized by number of yearling offspring revealed no significant differences in mean length among groups (Table 5) . Yearly ranges of YOY offspring assigned to adult male steelhead varied among years from 1-20 in 1997 to 1-29 in 1998 (Table 3) , and mean values ranged from 3.9 offspring per male in 2000 to 10.0 in 1997. Standardized variation ranged from 0.40 in 1997 to 2.64 in 1998. Ranges in number of yearling offspring assigned to adult male steelhead also varied among years from 1-3 per male in 1999 to 1-15 in The GLM that best explained variation in number of YOY offspring assigned to adult male steelhead included length and several year, length, and timing interaction terms (P < 0.02 all terms) but explained little of the variation (r 2 = 0.23). Regression analysis of individual yearly data revealed a significant relationship between length and number of offspring assigned in 1998; no other regression analyses revealed significant relationships (Table 4) . One-way ANOVA of mean lengths of males, categorized by number of YOY offspring assigned, was not significant (Table 5) , unlike for females. No GLM explained any variation in the number of yearling offspring assigned to adult male steelhead. Linear regression of individual yearly data also yielded no significant results (Table 4) , as did one-way ANOVA (Table 5) .
Factors affecting the size of offspring
The best GLM for variation in YOY offspring size included adult female length, arrival date, and the year × length interaction term (P < 0.04 all terms) and explained a large proportion of the variation (r 2 = 0.64). Linear regression analysis revealed that in 1997, 1998, and 1999, arrival date alone explained YOY offspring size (early arrival = large progeny on the sampling date), and in 2000, length and arrival date both explained YOY offspring size variation (Table 4). Plotted against maternal arrival date, a range of about 35 mm in mean length was observed between maternal halfsib families of YOY offspring (Fig. 2) .
Yearling offspring size variation was best explained by the GLM that included arrival date and the year × length interaction term (P < 0.04 both terms, r 2 = 0.57). Linear regression analysis revealed a significant relationship between maternal length and yearling offspring size in 1997 and between maternal arrival date and yearling offspring size in 1998 and 1999 (Table 4) . A range of about 27 mm was observed between maternal half-sib families of yearling offspring (Fig. 2) .
Only the year and year × arrival date interaction terms explained any variance in the size of YOY offspring attributable to the father (GLM, P < 0.007 both terms, r 2 = 0.33). Linear regression analysis of individual yearly data showed that length alone predicted offspring size in 1998 and timing alone predicted YOY size in 2000 (Table 4 ). Neither 1997 nor 1999 showed significant effects of either length or timing. The small number of paternal half-sib families of yearling juveniles (three in 1998 and two in 1999) precluded any statistical analysis of effects of male traits on yearling size.
Discussion
Factors affecting the number of offspring detected
Contrary to predictions, little of the variation in offspring number was explained by female size or arrival date, although smaller females tended to have fewer YOY offspring. As suggested by Holtby and Healey (1986) , fitness may be equal among females of various sizes or may be explained by variation in nest site characteristics. In a low-density spawning environment, competition for redd sites may be low (van den Berghe and Gross 1989) , so all females may have been able to find suitable spawning sites with little competition or redd site reuse. In addition, scour may not have affected survival of embryos at all, or it may have done so in a manner that was not size selective. Simple models of scour depth predict that redds of smaller females should be more vulnerable than those of larger females in years of high discharge (e.g., Steen and Quinn 1999) . However, there is considerable variation in the depth of gravel scour among habitats within even a small area of stream (e.g., Lapointe et al. 2000; Schuett-Hames et al. 2000) , and the habitats apparently preferred such as the tailouts of pools are also most vulnerable to scour during floods. If small and large females use different types of habitats, then the differential vulnerability of the sites to scour would result in complex relationships between body size and reproductive success that would vary among years.
A similar study on Atlantic salmon (Salmo salar) also failed to find a significant linear relationship between female length or fecundity and number of assigned offspring except when eight large females, assumed to be repeat spawners, were removed from the analysis (Garant et al. 2001 Fleming and Gross 1994) have emphasized the strong positive effect of female size on many aspects of reproductive success. Despite the logic and empirical evidence for each of these processes, the net result that we observed was much weaker than the sum of all of the individual relationships.
We also found no clear relationship between adult male body size and number of offspring. Large males are observed excluding smaller males from access to ripe females (Quinn and Foote 1994) , and it is widely assumed that this behavioral dominance translates to greater reproductive success. Although many males had no assigned offspring, there was no relationship to male length in three of four BYs. However, in one BY, male length was positively correlated with the number of offspring. One of the two largest males seen that year arrived early in the season, stayed late (inferred from the fact that he mated with a female that arrived near the end of the season), and was quite successful (sired 40% of the YOY juveniles), suggesting that size and arrival timing, combined with residence time on the spawning grounds, may influence male reproductive success. This is consistent with correlations with longevity in male pink salmon (Oncorhynchus gorbuscha) (Dickerson 2003) , although steelhead, unlike Pacific salmon (Oncorhynchus spp.), do not necessarily die on the spawning grounds. Instead, male and female steelhead may return to the ocean after spawning. Therefore, male steelhead are expected to stay on the spawning grounds as long as possible to maximize mating success. We were unable to measure residence times for steelhead except for inferences from parentage data in BYs 1997-2000. However, double sampling of steelhead as they migrated up and down past the weir revealed considerable variation in male residence time in BY 2001 (mean = 27 days, σ 2 = 350.5). Such variation in male residence time on the spawning grounds may have confounded any connection with size.
Clearly, the key to increased reproductive success is not as simple as being big, returning early, and staying late. The operational sex ratio experienced by males may affect their ability to realize their potential reproductive success. In 1998, when our large, early, and steadfast male was successful, we were not able to estimate the number of males upstream of the weir at any point in time, but over the entire spawning season, the sex ratio was highly skewed towards males; therefore, it is likely that at any point in time, there were several males per female. Size may have had a larger effect in this year, whereas in years when more females were available, even small males would have been able to mate. This idea is supported by the fact that in 1997, when the sex ratio was highly skewed towards females, the standardized variation was the lowest, compared with the highest standardized variation in 1998. Table 4 . Summary of linear regression analyses for both male and female steelhead parents of both young-of-the-year (YOY) and yearling offspring.
In addition, timing of breeding is generally believed to have evolved to optimize rearing conditions of offspring. There is a high heritability (h 2 > 0.8) for the timing of migration and spawning in salmonids (e.g., Quinn et al. 2000) , but success likely varies among years as affected by fish densities and density-independent factors such as flow and Table 5 . Mean lengths (mm) of adult male or female steelhead assigned 0, 1-2, 3-4, or 5+ juvenile offspring (young-of-the-year (YOY) or yearling).
Fig. 2.
Relationship between maternal steelhead arrival date and (a) young-of-the-year and (b) yearling offspring size for all brood years. Maternal arrival date was standardized to the median arrival date in each year. Offspring sizes were standardized to the mean juvenile length per brood year. Relationships were significant at P < 0.04 and P < 0.038 for young-of-the-year (general linear model, r 2 = 0.64) and yearling (r 2 = 0.57), respectively.
temperature. We likely did not sample enough BYs to detect the small amount of variation in reproductive success due to spawning date, which would have evolved over many generations. Finally, there are two possible methodological explanations for the lack of a relationship between parental traits and numbers of offspring: the small fraction of juveniles sampled and their localized spatial distributions. Power to detect significant variation in family size depended on the number of families sampled as well as the number of individuals sampled from each family. The possible number of families depended on the number of adults returning and the mating system (complex patterns of half-sib relationships; Seamons et al. 2004 ). The number of sampled juveniles ideally would change with the number of spawning adults to have the same chances of sampling a certain number of individuals from a single family, but this was not possible in a natural system. In addition, a representative sample would include sampling a large proportion of rearing habitat. We sampled four sections of Snow Creek, representing a small proportion of the rearing habitat (about 5% by stream length). Undoubtedly, some families were not represented because parents spawned and progeny reared between sampled sections (i.e., no juvenile dispersion). As a qualitative test of the magnitude of juvenile dispersion, we tabulated the sections where members of full-sib families were sampled. Over 30% of the YOY full-sib families were found in two sampling sections (about 1.5 km apart) and 70% were found in only one section. When yearling members of the same full-sib families were added, 5% of full-sib families were found in three sampling sections, about 35% were found in two sampling sections, and 60% were found in one sampling section. These results suggest considerable postemergence dispersal by juveniles, especially in their second year. In spite of this, we likely missed many families, since, because of differential survival, the number of families in existence decreased with time, becoming rare or disappearing altogether, and as yearlings dispersed, they also became much less numerous than the YOY.
In spite of this evidence of juvenile dispersion, we chose to exclude adults assigned no offspring from analyses. Doing so likely underestimated the variance and overestimated the mean reproductive success, since it was likely that some of these adults may have actually reproduced but their offspring were unsampled. Given higher expected variance in reproductive success in males, we would expect this to affect females more than males in our analyses. Indeed, the mean length of females with no assigned offspring was higher than the mean length of those females with one or two offspring and lower than that of females with three or more offspring, whereas there was no difference among male lengths assigned various numbers of offspring. It is possible that some of the larger females that apparently failed to reproduce were actually successful, but their offspring were unsampled. In addition, including males with no assigned offspring improved statistical significance of some linear regressions, whereas doing the same for females did not.
Factors affecting the size of offspring detected
As predicted, large females and those that arrived (and presumably spawned) early had larger YOY and yearling offspring. Indeed, offspring size was more strongly related to the arrival date than the lengths of their parents, suggesting selection for early arrival (and spawning) if offspring size determines survival. However, selection for early spawning will be offset if the redds of early arriving females are disturbed by later-arriving females (Fukushima et al. 1998; Essington et al. 2000) ; the strength of this density-dependent selection may vary among species, populations, and years. For example, since females of iteroparous species such as steelhead and Atlantic salmon do not guard their nest after completing spawning (Fleming 1998) , one might expect more redd reuse than in semelparous species. On the other hand, iteroparous species tend to spawn at lower densities than semelparous species, offsetting this effect. In addition, the link between arrival date and progeny size may be influenced by variation among years in spawning season duration. If all females arrive (and spawn) within a very short time period, as seems to have occurred in 1997, female size may be more important in determining offspring size. Indeed, a significant positive relationship between maternal length and yearling offspring length was seen in 1997.
Surprisingly, male length and arrival date were related to YOY offspring size in one year each: length in 1998 and arrival date in 2000. A correlation between male size and offspring size might occur if large males spawned with large females, but no such correlation was detected (Seamons et al. 2004) . Given that offspring size is highly correlated with maternal arrival date, a significant correlation between paternal length and maternal arrival date might also explain the relationship between paternal length and offspring length, but there was no significant correlation between these traits. Additionally, a correlation may exist if there was a high sire effect in additive genetic variation in length. Estimates of sire effects on h 2 for body length are moderate and are generally less than dam effects in hatchery-reared rainbow trout (0.18-0.35) (Gjerde and Gjedrem 1984; Gjerde and Schaeffer 1989) . However, naturally reared fish may have higher values of h 2 than fish in captivity; sire effects on h 2 for length, reported by Smoker et al. (1994) , were much higher than dam effects in pink salmon reared in their natural environment. The correlation between male arrival date and offspring in 2000 was likely actually due to the maternal effect of arrival date. Since females determine spawning date and spawning date is correlated with arrival date (e.g., Quinn et al. 2000) , males that only spawn shortly after they arrived, as opposed to spawning over the course of the entire season, would acquire the effects of the arrival (and spawning) date of the female with whom they mate. Males in the first three BYs generally spawned many times over the course of the spawning season or spawned at a date not predicted by their arrival date (as inferred from parentage data). However, in 2000, males appeared to spawn only very close to their arrival date.
Parentage assignment
We expected to be able to assign two parents to a great majority of our juvenile samples, and indeed, we were able to assign two adult anadromous steelhead parents to many juveniles. Surprisingly, many juveniles were assigned only one parent, due in part to fertilization of eggs by mature male steelhead parr (i.e., unsampled premigratory individuals; Seamons et al. 2004 ). Even more surprising was the number of juveniles assigned no parents at all. However, the great majority of these juveniles were from years when flooding occurred, 1997 and 1999, suggesting that in these years, many adults spawned upstream of the weir without being sampled. The lack of parental assignment in the few remaining juveniles from BYs 1998 and 2000 may have resulted from one of several processes. These juveniles may have been misassigned by size to BY 1998 or 2000, particularly the 1998 YOY whose size distribution significantly overlapped the distribution of 1997 yearlings. Six juveniles without known parents sampled in 1998 fell within the size overlap range and could therefore actually be from BY 1997. In addition, mutations at one or more loci could have occurred. We were unable to estimate mutation rate, but the rates recently calculated for microsatellite loci in pink salmon by Steinberg et al. (2002) would be insufficient to account for a significant portion of the failure to assign parents. Null allele segregation may also have occurred, although a significant deviation from HWE was found in only two loci in one BY. In many river systems, rainbow trout, the nonanadromous form of O. mykiss, and steelhead are sympatric and naturally interbreed (Zimmerman and Reeves 2000) . Although this would explain the lack of parent assignments of the remaining juveniles, no rainbow trout population exists in Snow Creek (Thom Johnson, Washington Department of Fish and Wildlife, 283236 Highway 101, Port Townsend, WA 98368, U.S.A., personal communication). Finally, some juveniles might have been cutthroat trout (Oncorhynchus clarki) or interspecific hybrids, which are nearly impossible to distinguish from steelhead at small sizes in the field without killing the fish. Indeed, using a single, powerful genetic marker (GH2D; Baker et al. 2002) , four of the remaining juveniles were genetically identified as hybrids, although their actual parentage cannot be verified.
In summary, size at age may determine later life history strategies (Metcalfe and Thorpe 1992) , which may in turn affect future patterns of survival and reproductive success (Ward et al. 1989) . The lack of a significant relationship between either parental size or reproductive timing and the number of offspring was surprising, given the significant relationships between these parental characteristics and size of offspring that we observed and the apparent size-selective mortality in juvenile salmonids (e.g., Einum and Fleming 2000) . The family-specific survival rates were probably determined by physical attributes of the breeding sites, which we could not sample, and compensatory processes occurring before our first sampling period, at the end of the first summer. Future research on salmonids should relate parental traits to the breeding site conditions and to the number, size, and migration date of smolts and their subsequent survival at sea. In addition, patterns may be very strong in a given year but not represent general selective forces and population responses; therefore, field studies need to be carried out over several years to be meaningful (also see Dickerson et al. 2002) .
